The exceptional elongation obtained during tensile testing of intercritically annealed 10 pct Mn steel, with a two phase ferrite-austenite microstructure at room temperature, was investigated. The austenite phase exhibited deformation-twinning and strain-induced transformation to martensite. These two plasticity-enhancing mechanisms occurred in succession, resulting in a high rate of work hardening and a total elongation of 65 pct for a tensile strength of 1443 MPa. A constitutive model for the tensile behavior of the 10 pct Mn steel was developed using the Kocks-Mecking hardening model.
I. INTRODUCTION
THE recent interest in the use of twinning-induced plasticity (TWIP) steel and transformation-induced plasticity (TRIP) steel for applications in the automobile industry is related to their high potential to contribute to a passenger safety and improved gas mileage by vehicle mass containment.
Austenitic high Mn TWIP steel exhibits an excellent combination of tensile strength (~1 GPa) and ductility (~60 pct) due to a dynamic Hall-Petch effect resulting from the gradual increase in the density of deformationinduced twins. The stacking fault energy (SFE) of austenite is an essential parameter in the twin formation mechanism. The mechanical twining is the main plasticity-enhancing mechanism when the SFE is higher than 20 mJ/m 2 , whereas the strain-induced transformation to e-martensite becomes important when the SFE is lower than 15 mJ/m 2 . [1] The SFE is controlled by the alloy composition and the temperature. The effect of the alloying elements on the SFE of high Mn TWIP steels has been investigated and it is known that additions of Al, Mn, C, and Cu increases the SFE, whereas additions of Si and Cr decrease the SFE. [1] [2] [3] [4] [5] [6] The highest work hardening rate has been reported for a SFE of 20 mJ/m 2 . [3] The development of intermediate Mn (4 to 10 mass pct) TRIP steels with an extremely high work hardening rate resulting from strain-induced martensite transformation has been reported. [7] [8] [9] In these materials the control of the austenite stability is essential to obtain excellent mechanical properties. The austenite stability can be controlled by appropriate changes to its chemical composition and grain size. C and Mn are strong austenite stabilizers. Their addition results in an increase of the thermodynamic stability of the austenite at room temperature. [10] A reduction of the austenite grain size also increases the austenite stability. A smaller grain size has been shown to lower the martensite start temperature, [11] and this effect is very pronounced for grain sizes in the sub-micron range. The mechanical stabilization of austenite is also possible, as a high dislocation density affects the martensite transformation kinetics. [12] Recently, McGrath et al. [13] reported the properties of an advanced high strength steel with a two-stage strengthening mechanism. The chemical composition of the steel was Fe-15 pctMn-3 pctSi-2.5 pctAl-0.07 pctC-0.02 pctN, in mass pct. The austenite first underwent a strain-induced transformation to e-martensite at low strain. When the formation of e-martensite reached saturation, the e-martensite started to transform to a¢-martensite. This second transformation was accompanied by a high work hardening rate. The final microstructure after the tensile test was fully a¢-martensite.
In the present work, an alternative alloy concept with an intermediate Mn content is shown to result in exceptional properties resulting from the combination of the TWIP effect and the TRIP effect being activated in succession. In addition, a constitutive model is presented which captures all the essential features of the strain-hardening mechanisms in this type of steel.
The features of the intercritically annealed 10 pct Mn steel are as follows:
1. The austenite matrix is partially transformed to ferrite during intercritical annealing. Solute C and Mn partitioning to the intercritical austenite increases the austenite stability and the room temperature SFE of the retained austenite, compared to the austenite in the homogeneous alloy. 2. The room temperature microstructure consists of fine grained (<2 lm) ferrite and austenite after annealing at intercritical temperatures. The martensite start temperature of the retained austenite is lower than room temperature ðM s <RTÞ: 3. The SFE of intercritically annealed retained austenite is close to 20 mJ/m 2 , resulting in mechanical twinning during deformation.
II. EXPERIMENTAL
The chemical composition of the steel used in the present work was Fe-10 pct Mn-0.3 pct C-3 pct Al-2 pct Si (in mass pct). Ingots were prepared by vacuum induction melting and hot-rolled after reheating at 1473 K (1200°C) to produce a 2.5-mm thick sheet. The hot-rolled sheets were pickled, cold-rolled to 50 pct reduction, annealed at 1073 K (800°C), and air cooled to room temperature. ASTM-E8 subsized tensile test samples with the tensile axis aligned parallel to the rolling direction were machined from the annealed sheets. The tensile tests were carried out at a strain rate of 10 À3 s À1 using a Zwick universal tensile testing machine. Tensile tests were also carried out for a high Mn austenitic TWIP steel with composition Fe-18 pctMn-0.6 pctC-1.5 pctAl steel for comparison purposes. The microstructure analysis included scanning electron microscopy (SEM), orientation imaging (OIM) by means of an electron backscattering diffraction (EBSD) system, and transmission electron microscopy (TEM). The a¢-martensite phase content was determined by X-ray diffraction using a Bruker X-ray diffractometer equipped with a Cu target. A scanning speed of 3 seconds per 0.01 deg was used. The samples used for microstructural analysis were polished up to 400 grit paper to remove the surface damage and then electropolished at room temperature in a solution of 95 pct CH 3 COOH + 5 pct HClO 4 to remove the strained surface layer that may have been formed during the mechanical polishing.
Figures 1(a) and (b) describe the two-stage thermal cycle used to produce a two phase microstructure by intercritical annealing. In the first-stage of the cycle the steel is fully austenitized and cooled to room temperature. This results in a microstructure with retained austenite and athermal martensite, as the M s temperature of the homogeneous austenite is 386 K (113°C). In the second stage, the steel is cold-rolled and the highly deformed microstructure containing retained austenite and athermal martensite is annealed in the intercritical temperature range. During the intercritical hold, C and Mn partition the austenite. The computational thermodynamics software package Thermocalc was used to compute the equilibrium thermodynamic data shown in the Figures 1(c) and (d). The resulting increase of the C and Mn content in the intercritical austenite leads to an increase of the room temperature SFE and a decrease of the M s temperature of the retained austenite. Calculated SFE and M s temperature are shown in Figures 1(e) and (f), respectively [3, 14] . The composition and the average grain size of the intercritical ferrite and austenite at 1073 K (800°C) are listed in Table I . While the partitioning of the C and Mn to the intercritical austenite decreases the M s temperature, the calculated M s temperature is still higher than room temperature. Additional austenite stabilization resulting from the grain size refinement must therefore have occurred as no athermal a¢-martensite was formed upon cooling from the annealing temperature. [15, 16] When the M s temperature was calculated using the empirical equation proposed by Lee et al., [14] which takes into account the austenite grain size, a temperature of 316 K (43°C) was obtained. This M s temperature is close to room temperature, in agreement with the observation that there was no athermal martensite formation upon cooling from the intercritical temperature range.
III. MODEL FOR MULTI-PHASE STEEL WITH TWIP AND TRIP EFFECTS IN SUCCESSION
The present intercritically annealed 10 pct Mn steel is characterized by the succession of two plasticity-enhancing mechanisms, the TWIP effect and the TRIP effect. Olson and Cohen [17] suggested that the intersections of deformation bands could act as an effective nucleation site for the strain-induced martensite in low SFE materials due to a high probability of stacking-faults intersections. In the present case it was assumed that twin intersection act as nuclei for a¢-martensite. The volume fraction of strain-induced martensite was expressed as follows:
Here F a 0 is the volume fraction of deformationinduced a¢-martensite, F c is the volume fraction of austenite, F t is the volume fraction of twins, b is a coefficient related with the probability that a deformation band intersection can form an embryo, and n is an exponent related to the probability that deformation bands form deformation band intersections.
The kinetics of deformation-induced twinning was expressed as follows: [18] 
Here F 0 is the saturation twin volume fraction, a is a coefficient related to the probability that an interaction of perfect slip dislocations forms a twin nucleus, and m is an exponent related to probability that perfect slip dislocations intersect. [19] The schematic of Figure 2 illustrates the alloy concept which was used to obtain a multi-phase microstructure containing austenite which undergoes deformationinduced twinning and the formation of strain-induced martensite in succession. The C and Mn partitioning during intercritical annealing increase the room temperature SFE of the austenite and this makes it possible to activate the deformation-twinning. As secondary twins are formed and intersect the primary twins, nucleation sites for the strain-induced martensite are created. The volume fraction of martensite during deformation is obtained by substitution of Eq. [2] in Eq. [1] :
Here b 0 is a kinetic parameter which includes the factor ðF c F 0 Þ n . The strain dependence of the volume fraction of a¢-martensite was measured experimentally, and the kinetic parameters b 0 , a, n, and m were obtained by fitting Eq. [3] to the experimental data. The plastic strain dependence of the twin volume fraction was then determined by substitution of the parameters b 0 and n in Eq. [2] .
The characteristic features of the work hardening rate of the intercritically annealed 10 pct Mn steel used in the present work were deduced from the kinetics of twinning and martensite formation during tensile testing.
The total flow stress (r flow ) of 10 pct Mn steel was expressed as:
Here r c , r a ; and r a 0 are the flow stress of austenite, ferrite, and martensite, respectively, and F c , F a ; and F a 0 are the volume fractions of austenite, ferrite, and straininduced martensite, respectively.
The yield strength of each microstructure constituent phase (r YS i ) was set equal to the sum of the solid solution strengthening and the grain boundary strengthening:
is the solid solution strengthening effect of a solute in a specific phase, K i is the Hall-Petch parameter, d i is the average grain size. The subscript i indicates the phase, i.e., c, a, or a¢. Table II lists the empirical equations used for solid solution strengthening in austenite, ferrite, and martensite. The flow stress for each phase was expressed as follows:
l i is the shear modulus, b i is the magnitude of Burgers vector, and M is Taylor factor which was set equal to 3.0 and 2.95 for austenite and ferrite, respectively. A is a numerical constant equal to 0.4. The evolution of the dislocation density depends on the competition between dislocation accumulation and dislocation annihilation caused by dynamic recovery. The dislocation density evolution during deformation was calculated using the Kocks-Mecking model: [22] P i is a grain size dependent coefficient, k 1 is the coefficient for forest hardening, k 2 is the coefficient for dynamic recovery, and K i is the dislocation mean free path. K i is related to the average grain size, the twin boundary distance, and the distance between martensite island. The K i for the austenite was therefore expressed as follows:
Here k twin is the mean twin spacing and k a 0 is the mean spacing between the strain-induced martensitic islands. The dislocation mean free path in ferrite and martensite was calculated by considering the average grain size of the ferrite and the lath width of the martensite. The twin boundaries and the martensite lath boundaries act as effective barriers to dislocation motion and reduce the dislocation mean free path during deformation. k twin and k a 0 were expressed as:
where c t;a 0 is the twin thickness and the martensite lath width, 30 nm [18] and 200 nm, [23] respectively. F t;a 0 is volume fraction of twin/martensite.
Bouaziz et al. [24] proposed the following relation between the grain size and the dislocation storage capacity of the grain boundaries: 
Here d c i is the critical grain size. The detailed description of its physical meaning is given in Reference 25. Equation [10] indicates that for grain sizes smaller than a critical grain size, the dislocation storage capacity of the grain boundaries (P i ) vanishes rapidly resulting in a low grain boundary strengthening effect.
The Iso-work theory was applied to take into account the partitioning of the strain to the different phases: [25, 26] r c de c ¼ r a de a ¼ r a 0 de a 0 ; ½11 r c , r a , and r a 0 are the true stresses and de c , de a ; and de a 0 are the true strain increments in the austenite, ferrite, and a¢-martensite, respectively. The increment of the total strain de total was obtained by the following law of mixture:
IV. RESULTS Figure 3 shows the room temperature steel microstructure as analyzed by EBSD after intercritical annealing at 1073 K (800°C). The annealed microstructure consisted of fine grained ferrite and austenite. The volume fraction of austenite and ferrite was 0.67 and 0.33, respectively. Figure 4(a) shows the engineering stress-strain curve of the Fe-10 pctMn-0.3 pctC-3 pctAl-2 pctSi steel with a 18 pctMn-0.6 pctC-1.5 pctAl TWIP steel, for comparison of their mechanical behavior. The Fe-10 pctMn-0.3 pctC-3 pctAl-2 pctSi steel shows a much higher yield strength (r YS = 865 MPa) and tensile strength (r UTS = 1144 MPa) compared to the 18 pctMn-0.6 pctC-1.5 pctAl TWIP steel, without a degradation of the ductility (e tot = 65 pct). The mechanical behavior of the Fe-10 pctMn-0.3 pctC-3 pctAl-2 pctSi steel has a characteristic work hardening rate as shown in Figure 4(b) . There is an initial small Lu¨ders elongation at the start of the plastic deformation. The flow stress then increased abruptly as soon as the strain is larger than the Lu¨ders strain. The work hardening rate decreased with increasing strain when the strain was higher than 5 pct similarly to the behavior of the 18 pctMn-0.6 pctC-1.5 pctAl TWIP steel. The work hardening rate of the Fe-10 pctMn-0.3 pctC-3 pctAl-2 pctSi steel however increased when the strain exceeded approximately 15 pct. d) and (e) ). The fraction of martensite increased rapidly resulting in a pronounced increment of the work hardening ( Figures 5(f) and (g)) . No e-martensite formation was observed. The orientation relationship between the austenite and the a¢-martensite in the Figures 5(e) and (g) was ½0 " 11 c ==½001 a 0 ; ð111Þ c ==ð110Þ a 0 ; i.e., the Nishiwaza-Wassermann orientation relationship. The orientation relationship between the austenite matrix and the primary twins in the Figures 5(c) , (e), and (g) was ½110 c ==½110 T 1 ; ð " 11 " 1Þ c ==ð " 111Þ T 1 . The orientation relationship between the austenite matrix and the secondary twins in Figure 5 (e) was ½110 c ==½110 T 2 ;ð " 111Þ c ==ð1 " 11Þ T 2 .
The plastic strain dependences of the twin and a¢-martensite volume fractions are shown in Figure 6 . The parameters used in Eq. [3] are listed in Table III . The generation of primary twins occurs as soon as the plastic deformation starts. The martensite transformation does not occur at low strain because of the limited number of twin-twin intersections, which requires the formation of secondary twins. The martensite transformation therefore occurred only at high strain levels when the density of twin-twin intersection was large enough. The martensitic transformation started at a strain of approximately 15 pct, which also corresponds to the start of second stage work of hardening shown in the Figure 4(b) . This second strain-hardening stage is therefore caused by the strain-induced martensite transformation.
The values for a and m determined in the present work are similar to those obtained by Bouaziz et al. [18] for his constitutive model for the mechanical properties of TWIP steel. It is therefore reasonable to assume that the mechanical twins act as deformation bands and that their intersections allow for the formation of straininduced martensite nuclei. Figure 7 (a) compares the experimentally measured and the calculated stress-strain curves. The figure reveals an excellent match between the model calculations and the experimental data. In addition, the work hardening behavior, shown in Figure 7 (b), was also correctly predicted by the model. The parameter values used in the constitutive model are listed in Table IV. Figures 8(a) through (d) give a comparison of calculated mechanical behavior and strain dependence of the phase volume fractions considering only (a) the TWIP effect and (b) the successive activation of the TWIP effect and the TRIP effect. It is clear that there is a substantial contribution of the TRIP effect to the improvement of the plasticity in the second case. In the absence of the TRIP effect, mechanical twinning results in a limited strengthening, and the plastic instability condition occurs at a low strain due to the lower work hardening rate. When the two plasticityenhancing mechanisms are activated in succession, there is a pronounced increase in both strength and ductility.
V. CONCLUSIONS
A concept for intercritically annealed 10 pct Mn multi-phase steel was introduced. Its mechanical properties, a combination of ultra high strength (UTS > 1 GPa) and superior ductility (total elongation > 60 pct), were found to be superior to those observed for high Mn TWIP steel. These properties were achieved by a combination of two plasticity-enhancing mechanisms, the TWIP effect and the TRIP effect, occurring in succession. The a¢-martensite transformation was found to initiate at twin-twin intersections. A constitutive model considering the succession of TWIP and TRIP effect was developed and shown to be in good agreement with the experimental data.
